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ABSTRACT 


When certain DNAs are copied in vitro with Escherichia 
coli DNA polymerase I, the products have covalently linked complementary 
sequences. These sequences are thought to be caused by the polymerase 
either switching template strands at the growing fork, or turning back 
at the end of a strand. A protein that prevents the accumulation of 
such sequences during DNA synthesis has been purified from Escherichia 
coli. We have called this protein S factor. The purification procedure 
involves autolysis, gel exclusion chromatography, denaturation- 
renaturation, and ion exchange chromatography. 

The S factor activity is heat labile, contains no 
detectable nuclease activity, and migrates as a single band of 
apparent molecular weight 11,500 in SDS-acrylamide gel electrophoresis. 

The S factor was effective in blocking the accumulation 
of covalently linked complementary sequences during the synthesis of 
the defined DNA d(T-G)_"d(C-A)_ and to a limited extent during the 
copying of Escherichia coli DNA. Once covalently linked complementary 
sequences were formed, however, S factor was unabie to remove them. Two 
mechanisms are discussed whereby S factor could prevent the formation of 
such sequences during DNA synthesis: the first, by an endonuclease nick 
at the point where strand-switching has occurred; the second, more 
likely, by binding to the displaced DNA strand and preventing strand- 


switching. 
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CHAPTER I 


INTRODUCTION 


A great deal of information on the structure of DNA has 
accumulated since Watson and Crick proposed the double-helical concept 
(1). Studies with bacterial and viral DNAs have been particularly 
useful in providing details of the structures of replicating DNAs. 

In replication, the two complementary chains of the 
parental DNA duplex separate permanently, and are transferred, one to 
each of the progeny chromosomes. Radioautographs of replicating E. coli 
DNA (2) indicate that the replication occurs within a circular molecule 
and seems to be accomplished at a fork that moves along the structure, 
leaving two separated daughter helices behind. Additional information 
on the structures of replicating DNAs has come from electron micrographs 
of smaller DNAs: 

(1) Replication frequently involves a circular 

molecule. For example, intermediates in the DNA 
replication of \ phage (3), P2 phage (4), 186 phage 
(5), SV40 virus (6), and mitochondria (7) are 
circular. However, for T7 phage DNA (8) and 
adenovirus 5 DNA (9) linear replicating inter+ 
mediates are found. 

(2) The Y-shaped growing fork often contains 

single-strand connections (Figure la). These 
single-stranded regions occur only in one of the 


daughter strands at a growing fork (3). For \ DNA, 
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FIGURE 1. 


(d) 


Diagramatic Representations of In Vivo DNA Replicating 


Structures. 


; double-stranded; \=-—-== , single-stranded. 


+4 7 ~v : - 


1a) Natta) FET 


such regions are less than 1% the length of 
mature DNA (3). In cases where two growing forks 
occur in the same molecule [A phage DNA (3) and 
T7 phage DNA (8)], these single-strand 
connections occur only in "trans" (Figure 1b). 
(3) Single-stranded regions not associated 
with the growing fork are also observed in an 
otherwise double-stranded branch (Figure lc). 
Such structures have been seen in the DNAs of 
4 phage (3), T7 phage (8), T4 phage (10), and 
186 phage (5). 
(4) Initiation of replication occurs at 
an unique site on the chromosome and can be 
physically located by denaturation mapping. For 
X DNA this physical origin (11) is in good 
agreement with the origin established by other 
techniques (12). In some cases [for example, 
T4 phage DNA (10) and 186 phage DNA (5)], it 
appears that a second round of synthesis can 
begin before the first has terminated. The 
result is a multi-branched structure in which 
the branches are of varying lengths (Figure ld). 
(5) Replication in one direction [for 
example, the DNAs of phage 186 (5), phage P2 (4), 
and mitochondria (13)] or both directions [as for 


\ phage (3), T7 phage (8), and T4 phage DNAs (10)] 
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from this origin have been observed. Whether the 
unidirectional replication represents asymmetric 
bidirectional replication, in which the replication 
in one direction is stopped shortly after 
initiation,is not known. 
The single-stranded nature of the replicating inter- 
mediates suggests that copying of at least one branch of the 


replication fork may be by a discontinuous mechanism (Figure 2). 


FIGURE 2. A Model for Discontinuous Synthesis. 


, parental DNA; @@@@, new DNA, with the arrowhead 
designating the 3', growing end. 
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Consistent with a discontinuous mechanism is the finding that a certain 
portion of nasent DNA can be isolated as relatively low molecular weight 
chains, 'Okazaki' fragments, after alkali denaturation (14,15,16,17,18). 
For T4 DNA, these fragments were shown to be growing at the 3' end (18), 
suggesting that synthesis occurs in the 5'+3' direction. The initiation 
of synthesis on the daughter strand which has its direction of growth 
opposite to the direction of fork movement (lower strand Figure 2) may 
be RNA primed (16,19,20). For E. coli DNA, two molecular weight classes 
of Okazaki fragments, which are mutually but not self-complementary, 
have been identified (67). This finding suggests that DNA synthesis may 
be discontinuous on both strands. 

The system responsible for replication involves the co- 
operative activities of numerous gene products. For example, some 19 
T4 genes are required for DNA production (21). In E. coli, there are at 
least 7 such genes (dna A to G) (22). A limited number of these gene 
products has been identified. One required function is a DNA poly- 
merizing activity, since a mutation in the structural gene for T4 DNA 
polymerase (gene 43) (23) or T7 DNA polymerase (gene 5) (24) is lethal. 
Identification of the polymerizing activity in E. coli has been 
complicated by the existence of three such enzymes. Genetic evidence 


indicates that E. coli DNA polymerase III (dna E locus) is required 


for chromosomal replication (25). The other polymerases may be 
involved in other forms of replicative synthesis. For example, E. coli 
DNA polymerase I has been shown to be required for the replication of 
colicinogenic factor El (26,27), and is implicated in elongation, 

or "finishing" of Okazaki fragments (28,29). When all three activities 
are present (as in a wild type cell), there is no indication which 


one is responsible for the DNA Synthesis. Recently, two additional 
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gene products required for phage DNA replication have been purified. 

These proteins -T4 gene 32 protein (30) and fd phage gene 5 protein (31) - 
bind co-operatively to single-stranded DNA in vitro. In addition, the T4 
gene 32 protein specifically stimulates DNA synthesis catalyzed by T4 DNA 
polymerase in vitro (32). Whether these in vitro activities are measures 
of their in vivo activities (Table I) is still unproven. Recently, the 

E. coli dna C (37) and dna G (38) gene products have been purified but 
their enzymatic functions in DNA synthesis are unknown. The E. coli 

dna F locus codes for ribonucleotide reductase (39). 

Several proteins from various sources possess activities 
in vitro which suggest a role for these proteins in replication. 

Table II lists some of these proteins and summarizes their in vitro 
activities. In addition, evidence from both in vivo (47,48) and in vitro 
(49,50) experiments suggests a primer role for RNA in replication. In 
some cases, this RNA appears to be synthesized by a known RNA polymerase 
(47), and in others (48) not. Although several protein components may be 
implicated in DNA replication their true involvement awaits genetic 
evidence. 

Two systems which hold great potential not only for the 
identification of replication components but also for the reconstruction 
of the replication process are: 

(1) the permeable cell system (51,52) in 

which E. coli cells are made permeable to a wide 
range of compounds, including some macromolecules, 
by treatment with organic solvents, and 

(2) the Cellophane membrane disc system 


(53) in which the macromolecular cellular components, 
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after cell lysis, are maintained at a con- 
centration approaching their in vivo level. 
Any system which allows the identification of components affecting 
in vitro DNA synthesis may be useful for understanding replication. 
One such system is the synthesis catalyzed by E. coli DNA polymerase I 
in vitro. Polymerase I provides a reasonable model for enzymes which 
replicate DNA for the following reasons: 
(1) All template-dependent polymerases 
isolated to date, whether of viral (24,54), 
bacterial (55,56,57,58) or mammalian (59) origin 
perform a "repair-type" synthesis in vitro. 
That is, they add deoxynucleotide residues 
to the 3'-hydroxyl terminus of a primer 
molecule under the direction of a single- 
stranded template to which the primer is annealed. 
(2) The replication of colicinogenic 
factor El appears to require E. coli DNA 
polymerase I (26,27). 
(3) The amber mutations of E. coli DNA 
polymerase I (Pol A) retain measurable levels 
of polymerase I activity (60). A deletion 
mutation affecting polymerase I has never been 
isolated, suggesting that this mutation may be 
lethal. If such a mutation were isolated and 
chromosomal replication unaltered, this would 
establish that polymerase I is not essential 


for replication. However, until such a 
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mutant is isolated, a role for polymerase I 
in chromosomal replication cannot be excluded. 

A property of the DNA product synthesized by E. coli DNA 
polymerase in vitro is that the complementary daughter strands are 
covalently linked. Such DNA will be referred to as CLC (for covalently 
linked complementary) DNA. This was shown for the copying of natural 
DNAs by Schildkraut, Richardson, and Kornberg (61). A subsequent 
report indicated that CLC sequences also appeared during the copying of 
the chemically defined polymer d(T-G)_*d(C-A) (62). This mode of 
synthesis presumably involves either strand switching at the growing 
point (Figure 3a), or turning back at the end of a strand (self- 


copying) (Figure 3b). 


(a) 


FIGURE 3. Mechanisms for CLC DNA Production. 


» parental DNA; @@@@, new DNA, with the arrowhead 


designating the 3', growing end. 
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There are several reports that CLC structures may be intermediates 
during DNA synthesis in vivo: 
(1) Electron micrographs of replicating 
colicin El DNA show superhelical circles with 
double-stranded tails (63). These structures 
can be interpreted to indicate covalent 
continuity between the complementary daughter 
strands at the growing fork. If the molecules 
were nicked at the growing fork, the circles 
would have been relaxed. 
(2) Lambda DNA at some stage of its 
development contains covalent linkers between 
the daughter strands (64). 
(3) Newly made T7 DNA has been isolated 
as renaturing structures (65). This observation, 
however, has not held up in our laboratory 
(Langman, L. and Paetkau, V.H.: unpublished 
observations). 
Other evidence indicates that in Bacillus subtilis the CLC sequences 
are not formed from the newly made DNA (66). Thus, CLC structures 
may exist as replication intermediates in some systems, under some 
conditions. They would provide primers for the daughter strand 
which has its direction of growth opposite to the direction of fork 
movement (Figure 2). However, it appears that initiation can occur 


on either strand (67), thus there would be no requirement for CLC 


structures. 
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An earlier report described the ability of crude DNA 
polymerase fractions to block the accumulation of CLC sequences during 
the polymerase I mediated copying of a defined DNA in vitro (62). A 
factor having this activity could either remove CLC linkers, if in fact 
these exist as normal replication intermediates, or else prevent their 
formation during polymerase mediated DNA copying in vitro. The 
purification and partial characterization of this activity, which we 
have called S factor for separability of strands (that is, absence of 


CLC sequences) is the subject of this thesis. 
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CHAPTER II 


GENERAL MATERIALS AND METHODS 
cle Materials 


A. Chemicals 


Unlabelled ribo- and deoxynucleotides were purchased 


3 


from PL Biochemicals; radioactive Cc and ~H) ribo- and deoxynucleoside 


59) dATP was from International 


triphosphates were from Schwarz-Mann; [oa- 
Chemical and Nuclear Corporation. Cesium chloride was from Pierce 
Chemical Corporation or Schwarz-Mann. Ethidium bromide was obtained 
from Sigma Chemical Company. 

Agarose 15M (200-400 mesh) and 5M (200-400 mesh) were 
purchased from Bio-Rad Laboratories. Phosphocellulose (P11) and DEAE- 
cellulose (DE-23) were from Whatman Industries. Sephadex G-25 (20-80 u), 
G-50 (20-80 u), G-75 (40-120 u), DEAE-Sephadex (A25), and Blue Dextran 
2000 were from Pharmacia Fine Chemicals. 

Gel electrophoresis supplies were obtained from Eastman 
Organic Chemicals. 


All other chemicals were reagent grade and were used 


without further purification or treatment. 


B. Biological Materials 


Marker proteins (ovalbumin and chymotrypsinogen A) were 
from Pharmacia Fine Chemicals. Sperm whale myoglobin and cytochrome c 


were gifts from Dr. Jutta Seehafer; R17 phage, a gift from Mrs. L. Frost. 
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Pancreatic deoxyribonuclease I (DNase I), micrococcal nuclease, and 
spleen phosphodiesterase were purchased from Worthington Biochemical 
Corporation. E. coli B cells, grown to 3/4 log phase in minimal 
medium, were purchased frozen from Grain Processing Company, 


Muscatine, Iowa. 


G. Nucleic Acids 


The defined DNAs with repeating sequences have already 

been described (68). The PM2 DNA and the polymer d(T-C-C)_ +d (G-G-A) 
n 

were gifts from Dr. A.R. Morgan. Unfractionated yeast transfer RNA 


(tRNA) was a gift from Dr. C.J. Smith. 


II. Methods 


AY Reagents 


Buffers and solutions were millipore filtered with an 
HAWP 04700 membrane before use. 
Resins were prepared according to the procedures 


described by the manufacturers. 


B. Radioactivity 


Radioactivity was measured with a Beckman LS-250 liquid 
scintillation spectrometer using a toluene-based scintillator (14.4 ge 
"Omifluor', New England Nuclear, in 3.8 liters of toluene). Restricted 
channels were used for double-labelled experiments and the counts were 
corrected for a 25% overlap of mite into the 34 channel. Specific 
activities of labelled deoxynucleoside triphosphates were determined in 


Aquasol (New England Nuclear). 
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Ei Fluorescence 


Fluorescence of ethidium bound to DNA was measured with 
a Turner spectrofluorometer Model 430 at an excitation wavelength of 
525 nm and an emission wavelength of 600 nm. The temperature was 
maintained at 25° by a circulating water bath. Because of fluctuations 
in xenon lamp intensity, the instrument was periodically calibrated 


with a known concentration of DNA in ethidium (69). 


De Protein Determinations 


Protein concentrations were determined either by the 


modified Biuret assay (70), or by the absorbance at 280 nn. 


E. Purification of E. coli DNA Polymerase I 


E. coli DNA polymerase I was purified by the method of 
Jovin, Englund, and Bertsch (71) with the following modification. 
Fraction 7 (Sephadex G-100 fraction) was subjected to an additional 
phosphocellulose chromatography step (Fraction 8), using the conditions 
required to obtain Fraction 6 enzyme. Essentially all of the protein 
had the mobility of DNA polymerase in SDS-gel electrophoresis, 85% as 
the 110,000 molecular weight form and the rest as the 76,000 molecular 
weight form (72,73). The specific activity was 10,000 d(A-T) *d(A-T) | 
units per mg of protein (1 unit being defined as the incorporation of 


10 nmoles of total acid-insoluble nucleotide per 30 minutes at 37°). 


ive Fraction DIII S Factor 


DIII was obtained as a side product of a modified (74) 


Chamberlin and Berg RNA polymerase preparation (75). Material extracted 
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from the protamine pellet with 10 mM Tris-Cl, pH 8.0, 0.1™M MgCl, 
0.1 mM EDTA, and 10 mM 8-mercaptoethanol was fractionated with ammonium 
sulfate and the fraction precipitating between 45% and 65% saturation 


redissolved in 0.02 M potassium phosphate buffer, pH 7.4, to yield DIII 


(protein concentration 1.8 mg/ml). 


G. Fraction 4 DNA Polymerase I and S Factor 


Fraction 4 was the same as Fraction IV obtained from 
the DNA polymerase I purification procedure (76) except that the 
ammonium sulfate precipitate was dissolved in a smaller volume of 0.02 M 
potassium phosphate, pH 7.2, yielding a protein concentration of about 


40 mg/ml. 


H. Purification of E. coli DNA 


E. coli DNA was isolated by the method of Marmur (77). 
It was further purified by heating to 47° for 15 minutes in the presence 
of 0.1% SDS and chromatography on a 5M Agarose (200-400 mesh) column 
(6,15 ay x 45 cm) equilibrated with 10 mM Tris-Cl, pH 8.0, and 0.1 m™ 


EDTA. The excluded high molecular weight DNA was used as template. 


Ne, In vitro DNA Synthesis 


The basic procedures for in vitro DNA synthesis were as 
described by Morgan, A.R., Coulter, M.B., Flintoff, W.F., and 
Paetkau, V.H. (manuscript submitted). The standard mixture for enzymatic 
synthesis of defined DNAs contained: 30 mM potassium phosphate, pH 7.4; 


12 mM MgCl 2 mM dithiothreitol; 5.2 mM total of the four deoxynucleo- 


9? 
side triphosphates, in the ratio of their frequency in the DNA being 
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synthesized; DNA template at 0.2 OD 6 ug/ml Fraction 8 DNA poly- 


260° 
merase I; and S factor as indicated. Tritium and Th labelled dNTPs 
were present as indicated. Incubations were at 37°. When DIII, or 
Fraction 4, or S factor Fractions 5, 6 or 7 were present, 0.5 D6 
tRNA was also added to inhibit endonuclease I (78). Pancreatic DNase I 
was added to stimulate synthesis. Figure 4 shows the effect of various 
DNase I levels on the molecular weight and synthesis of d(T-G)_+d(C-A) _. 
Pancreatic DNase I at 25 ng/ml resulted in a reasonable synthetic rate 
without an appreciable reduction in molecular weight. Under these 
conditions, 25- to 40-fold copying of the defined templates occurred in 
5-6 hours. 

Defined DNAs were characterized, when required, by their 
neutral buoyant densities in CsCl, and their melting temperatures (UES ) = 

The conditions for the in vitro synthesis of natural 
DNAs were the same as for defined DNAs except that the initial template 
Was) 0.5 0r, L D566 and the potassium phosphate was 67 mM. 

The extent of synthesis was measured either by the 
incorporation of radioactive deoxynucleoside triphosphates into acid 
insoluble material by a modification (74) of the filter paper disc 
method (80), or by the enhanced fluorescence of ethidium bromide when 


bound to bihelical DNA, as described in the fluorescence assay for 


covalently linked complementary DNA. 


Jie Isolation of DNAs 


Polymers were deproteinized and separated from small 
molecules by a modification of an earlier method (81). The reaction was 


stopped by the addition of EDTA (final concentration twice that of MgC1, ) 
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SYNTHESIS (OD.60) 


ALKALINE MOLECULAR WEIGHT x 10~> 
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FIGURE 4. The Effect of Pancreatic DNase I on the Synthesis and 
Molecular Weight of d(T-G)_+d(C-A)_. 


Polymers were synthesized under standard conditions with 36 


ug/ml DIII, 0.5 OD,,, 


pancreatic DNase I. Incubations were for 6 hours. Portions 


tRNA, and various concentrations of 


were removed and synthesis determined by the fluorescence 
method. The polymers were isolated by Agarose chromatography 
and concentrated by vacuum dialysis. Their molecular weights 


were determined by the Studier method (79). 


O, molecular weight in alkali; ® @® , synthesis 


O 


as monitored by ethidium bromide fluorescence. 
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and the solution made 0.1% in either SDS or sodium dodecyl sarcosinate 
(Sarkosyl). Samples were chromatographed at room temperature on 15M 
Agarose (200-400 mesh) columns (0.63 ar x 30 cm) equilibrated with 

5 mM Tris-Cl, pH 8.0, 20 mM NaCl, and 0.1 mM EDTA. A typical elution 
pattern is shown in Figure 5. The DNA appeared in the excluded peak 
separated from the proteins, tRNA, SDS, deoxynucleotides, and salts. 
The DNA was concentrated against 5 mM Tris-Cl, pH 8.0, and 0.1 mM EDTA 


by vacuum dialysis using a Sartorius collodion bag. 
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* * 
Ke Preparation of *H-a(T-c) and C-d(C-A) | 


Labelled d(T-G) _*d(C-A) | was prepared under standard 


3) 


conditions with 36 ug/ml DIII, ~H-TTP (specific activity 2700 cpm/ 


nmole), and 14 ¢-aCrP (specific activity 1600 cpm/nmole). After 5 hours 
of synthesis the sample was added to a solution of alkaline CsCl 

(0.05 M NaOH, 1 mM EDTA) such that the final density (determined 
refractometrically) was 1.760 alice: The solution was overlayed with 
silicone oil (Corning DC 556), and centrifuged to equilibrium in a Ti 50 
rotor using a Beckman L2-65B ultracentrifuge. Conditions of centrifu- 
gation were 38,000 rpm, at 20°, for 65 hours. A needle was lowered into 
the gradient and the material pumped out with a peristaltic pump. The 
fractions containing the separated strands were located by their radio- 
activity. The regions corresponding to the separated strands were 


pooled, neutralized, and concentrated by vacuum dialysis against 5 mM 


Tris-Cl, pH &.0', “and Ov mM EDIA. 
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Agarose 15M Gel Filtration of d(T-G)_*d(C-A)_. 

A DNA polymerase reaction synthesizing d(T-G)_*d(C-A) was 
treated as indicated in the text. The sample was applied 
to a 15M Agarose (200-400 mesh) column (0.63 cm” x 30 cm) 
equilibrated with 5 mM Tris-Cl, pH 8.0, 20 mM NaCl, and 
0.1 mM EDTA. Fractions were 1.2 mls. A separate run 
determined the elution of 3.5 OD units of tRNA. 
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4 Assays for S Factor Activity 


Since S factor prevented the production of CLC DNA, 
measurements of S factor activity involved assays for CLC DNA. CLC DNA 
was measured by the following techniques. 

Assay 1. Alkaline CsCl equilibrium density banding is a 
semi-quantitative technique applicable to DNAs in which the complementary 
strands can be physically separated [such as d(T-G)_*d(C-A) and 
d(T-C-C)_*d(G-G-A)_ ]. Polymers were synthesized under standard conditions 
in the absence or presence of various S factor fractions, isolated by 
Agarose chromatography, and banded in alkaline CsCl according to the 
method outlined by Wells and Blair (82). Figure 6a shows a 
d(T-G)_“d(C-A) | polymer made in the absence of DIII; Figure 6b, a 
d(T-G)_-d(C-A) polymer made in the presence of DIII. The intermediate 
density material, containing both d(T-G) | and d(C-A) and characteristic 
of covalently linked complementary sequences, was absent in the polymer 
made with DIII present. 

Assay 2. The fluorescence assay is a quantitative method 
based on the enhanced fluorescence of ethidium bromide when bound to bi- 
helical DNA (69,84,85). The rationale of this method is shown in 
Figure 7. After heat denaturation at low ionic strength, ionic 
repulsion keeps the separated DNA strands apart (Figure 7b). However, 
if a covalent linker is present (Figure 7a), it acts as a nucleation 
site for strand reannealing. In this assay, either isolated polymers or 
portions removed directly from a DNA synthesizing system were used, 
since none of the components of the DNA polymerase reaction interfered 
with the fluorescence. Duplicate portions were removed such that the 


DNA was between 0.01 and 0.04 D569 in the assay. The samples were 
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FIGURE 6. Analytical CsCl Gradient Ultracentrifugation of 
d(T-G)_"d(C-A)_. 
Polymers were synthesized either with (b) or 
without (a) 36 ug/ml DIII, isolated by Agarose 
chromatography, and centrifuged to equilibrium 
in alkaline CsCl gradients. Conditions of 
centrifugation were 48,000 rpm, at 25°, for 
22 hours. Densities were determined by the 


isoconcentration method (83). 
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Ethidium Bromide Assay for Covalently Linked (CLC) DNA. 
At low ionic strength, CLC sequences renature after 
heating and quick cooling (a) because of a covalent 
linkage, X, between complementary sequences. This 
linkage acts as a nucleation site for strand reannealing. 
Non-CLC sequences (b) irreversibly denature upon heating 


because they lack such a site. 
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diluted into 3 mls of either TE buffer (2 mM Tris-Cl, pH 8.4, 0.2 mM 
EDTA) for defined DNAs, or KE buffer (20 mM KPO) Die wal ce a Omi 
EDTA) for natural DNAs. The KE buffer destroys the relatively non- 

| 
specific structures observed with denatured, non-CLC natural DNAs (69). 
One portion was heated in boiling water for 5 minutes and quickly 
cooled in an ice slurry. Ethidium bromide (final concentration 0.5 ug/ 
ml) was added to both portions and the fluorescence measured. When 
related to the fluorescence of standard DNA samples, the fluorescence of 
the unheated portion measured the total bihelical DNA; the fluorescence 
of the heated portion, the CLC DNA. The ratio of these two measurements 
gave the percentage of the total DNA which was CLC. Table III gives 
the CLC content of the d(T-G)_-d(C-A) | polymers described in Figure 6. 
Polymer made in the absence of Fraction DIII had a CLC content of 25%; 
polymer made in the presence of DIII, a CLC content of 4%. 

Assay 3. Nearest neighbor analysis is a third technique 
for determining CLC DNA. Since the polymers were copied with great 
fidelity overall, the occurrence of CLC linkers between complementary, 
defined sequences would necessarily lead to "wrong" nearest neighbors. 
Polymers were copied in the presence of esa dATP with DNA polymerase 
I and Fraction DIII was added as indicated. Isolated polymers were 
digested overnight at 37° with 0.2 ug/ml micrococcal nuclease in 10 m™ 
glycine buffer, pH 9, containing 2 m™ CaCl, then for several hours 
with 50 ug/ml spleen phosphodiesterase in 100 mM ammonium acetate, pH 
5.9. Samples were evaporated to dryness, taken up in 1/10 volume of 
carrier 3'-dNMP mixture, applied to Whatman 3MM paper, and electro- 


phoresed in 0.1 M sodium citrate, pH 3.5, for 3 hours at 30 volts/cm. 
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The paper was dried, cut into 1 cm strips, and counted. Table III shows 
a nearest neighbor analysis of the d(T-G)_ "d(C-A) | polymers described in 
Figure 6. The polymer made in the absence of DIII contained a 
significant level of "wrong" nearest neighbors to dA compared to 
polymer made with DIII present. 

All three methods gave consistent and complementary 
information on the presence of CLC sequences. The low level (4%) of 
CLC sequences observed with DIII present when the fluorescence, but 
not the ultracentrifuge assay was used, suggests a real difference 
between these methods. The difference may arise from low molecular 
weight CLC sequences which register fluorescence but do not form 
discrete bands in the ultracentrifuge. 

For assaying S factor activity routinely, the method 
of choice was the fluorescence assay. High levels of non-specific 
nucleases will reduce the apparent CLC DNA by generally degrading the 
DNA. Therefore, the presence of CLC DNA when high levels of nuclease were 
present was determined by the ultracentrifuge method. 

The routine template for determining S factor activity 
was d(T-G)_*d(C-A)_. The polymer was synthesized under standard 
conditions in the absence or presence of various S factor fractions. At 
the end of 5 hours, portions were removed from the incubation mixture 
and CLC DNA content determined by the fluorescence assay. A 50Z 
decrease in the CLC content of d(T-G)_*d(C-A) was defined as one unit 
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M. Analytical Ultracentrifugal Analyses 


Equilibrium banding experiments were performed in a 

Beckman Model E ultracentrifuge with UV optics, using a 4°, 12 mm 
Kel-F centerpiece with a -1° wedge window. The solution contained DNA 
at 0.15 OD, 699 1 mM EDTA, 20 mM NaOH, and CsCl to the required density. 
Centrifugations were at 48,000 rpm for at least 20 hours at 20°. 
Densitometric tracings of photographs taken at equilibrium were made 
with a Joyce-Loebel microdensitometer. The density of the DNA after 
equilibrium had been reached was calculated by the isoconcentration 
method (83) using published 8 values (86). 

| Molecular weights were determined from sedimentation 
velocity runs in the Beckman Model E ultracentrifuge using the method 
of Studier (79). Band sedimentation was done with a Vinograd type 1 
cell, a 4°, 12 mm Kel-F centerpiece with quartz windows. The DNA 


(20 pl Of 2 OD...) was layered at low speed onto the bulk solvent and 


260 
centrifuged at 56,000 rpm and 25°. Photographs were taken at 8 minute 
intervals. For sedimentation at neutral pH, the solvent contained 


1 M NaCl, 0.035 M Na,HPO,, 0.015 M NaH,PO,, and 0.1 mM EDTA, pH = 6.7. 


4? 2 

For sedimentation at alkaline pH, the solvent was 0.9 Min NaCl, 0.1M 
in NaOH, and 0.1 mM in EDTA. In the latter case, the sample was made 
0.2 ¥ in NaOH. The sedimentation coefficient was calculated and 
corrected for solvent viscosity, temperature, and density using the 
correction factors calculated by Studier (79). Since the yo shows 
no concentration dependence under these conditions (79), the intrinsic 
sedimentation coefficient (S50 ww for a polynucleotide can be assumed 
to be equivalent to S59 . The molecular weights were calculated using 


> 


the following Studier formulae (79): 
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(a) neutral pH 


i 0.346 
Soo, 0.0882 M 
(b) alkaline pH 
: F- 0.400 
bis = 0.0528 M 


where M = molecular weight. 
Freifelder (87) has derived a different relationship 
between S59 = and molecular weight for neutral pH conditions: 
> 


S = 2.8 + 0.00834 mo°479 
20 ,w 


The molecular weight calculated from this relationship is different 
than the molecular weight determined by the Studier method. For 


example, an S of 6 yields a molecular weight of 251,000 by the 


20 ,w 
Freifelder formula, and a molecular weight of 200,000 by the Studier 
relationship. Both methods, however, are probably not reliable for low 
molecular weight DNAs since no low molecular weight standards exist. 


Since we are concerned more with relative, rather than absolute 


molecular weights, the Studier relationships are adequate. 


N. Acrylamide Gel Electrophoresis 


Gels (0.5 cm x 6.5 cm), prepared as described by 
Shapiro, Vinuela, and Maizel (88), consisted of either 5 or 10% 
acrylamide, the corresponding concentration of N,N'-methylene-bis- 
acrylamide, 0.05 M sodium phosphate, pH lee ana rUrl solo pe LOolLy= 
merization was catalyzed by N,N,N',N'-tetramethylene diamine and 


ammonium persulphate at final concentrations of 0.05% and 0.072, 


respectively. 
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Protein samples were dialyzed overnight against 5 mM 
sodium phosphate, pH 7.2, and concentrated by evaporation. Protein 
samples (5-10 ug) were denatured by heating to 85° for 15 minutes in 
10 mM dithiothreitol and 0.33% SDS. (This procedure was sufficient 
to lyse R17 phage, the source of the coat protein used as marker.) 
Samples were made 20% in glycerol, applied to the gels by layering 
beneath the electrophoresis buffer (0.1% SDS in 0.05 M sodium 
phosphate, pH 7.2), and electrophoresed at room temperature for 2 hours 
at 5 milliamps per gel. Gels were stained at 37° for 1.5 hours in 
9.8% acetic acid, 45% methanol, and 0.24% Coomassie brilliant blue (89). 
Destaining was done in 7% acetic acid using a Canalco horizontal de- 
stainer. Densitometric tracings of stained gels were performed with a 
Gilford spectrophotometer linear transport system at 540 nm. 

Molecular weights were determined from SDS-acrylamide 
gel electrophoresis by comparing the migration distances of the 


unknown proteins to those of proteins of known molecular weight. 
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CHAPTER III 


PRODUCTION OF CLC DNA 


ibs Introduction 


A certain fraction of the DNA synthesized in vitro by 
E. coli DNA polymerase I has covalent linkers between complementary 
sequences (CLC DNA). This has been shown for the copying of natural 
(61) and defined (62) DNAs. In this chapter, the occurrence of CLC 
structures in various DNAs, synthesized in vitro by E. coli DNA 
polymerase I, was determined by the fluorescence assay and, where 


possible, alkaline CsCl equilibrium density banding. 


II. Results 
A.  E. coli DNA Synthesized In vitro 


E. coli DNA was used as a template for a DNA polymerase I 
reaction. Portions were removed at various times and analyzed by the 
fluorescence method using the KE buffer system to determine the total 
DNA synthesized and its CLC content (Figure 8). The newly made 


polymer was 100% CLC, whereas the input template was 0% CLC. 


Be Production of CLC DNA in Chemically Defined DNAs 


Several defined DNAs were used as templates for DNA 
polymerase I. After isolation, the products were analyzed for CLC 
content by the fluorescence method and the ultracentrifugation method. 
Table IV summarizes the results. Polymers of the type polypyrimidine: 


polypurine have not been observed to produce CLC DNA. 
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FIGURE 8. . coli DNA Synthesis. 


E 
Heeco.t, DNA,» 0Z.CLG, Cat 1 OD5¢9 was used as a template 

for DNA polymerase I under standard synthesizing conditions. 
Samples were analyzed at various times either directly or 
after heating and cooling in KE buffer. The number 100 
represents the percentage of the newly made DNA which was 


CLO CeO ee eLOCo Ie DNA © @ , CLC DNA. 


i wee ile - 

cvtabiliont 20 Boa 8 SARE 
adatanie! 5 62 beaaaw g, GOL a6 ,209 20 AKG Elna .¥ : 
Lenotdtbios gatstoudsaye Bisbante sebmu T szaysmlaq AMM 16? ror ¢ 
vo Uftoorth awiltte esmit autiey to boxvinns stew ea Lqns® 
“on nw ee ae’ Sees ae 


34 


TABLE IV 


PRODUCTION OF CLC DNA IN VARIOUS DEFINED DNAs 


Polymer % CLC CsCl Gradient 
d(T-G) _*d(C-A) | 25 Figure 6a 
d(T-T-G)_“d (C-A-A) * 33 Figure 9 
d(T-C-C)_*d(G-G-A) | 2 Figure 10 


* The template used was probably CLC in nature. 
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FIGURE 9. 


Analytical CsCl Ultracentrifugation of d(T-T-G)_*d(C-A-A) 
The polymer was synthesized as indicated in Table IV, 
isolated by Agarose chromatography, and centrifuged to 
equilibrium in alkaline CsCl. Conditions of centri- 


fugation were 48,000 rpm, at 20°, for 20 hours. The 


density was determined by the isoconcentration method (83). 
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FIGURE 10. 


Analytical CsCl Ultracentrifugation of 
d(T-C-C)_*d(G-G-A) . 

The polymer was synthesized as indicated in 
Table IV, isolated by Agarose chromatography, 
and centrifuged to equilibrium in alkaline CsCl. 
Conditions of centrifugation were 48,000 rpm, 

at 20°, for 22 hours. Densities were determined 
by the isoconcentration method (83). On the 
basis of T and G content, d(T-C-C) | was assigned 
a density of 1.739 aflaae ¢ d(G-G-A)_, a density 
of 1.810 alee 
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Gr Kinetics of CLC DNA Production in d(T-G) _*d(C-A) 
n 


When d(T-G)_*d(C-A) with separable strands was used as a 


template for DNA polymerase I, CLC structures did not appear for 
about 1 hour (Figure 11). After about 2-fold copying of the template 
had occurred (initial template was at 0.2 OD, 60)> CLC sequences 
appeared and increased rapidly to 25% of the total DNA. This polymer 


typically gave 20-25% CLC content by the fluorescence assay. 


De Effect of the Ratio of DNA to DNA Polymerase on the 


Production of CLC d(T-G)_*d(C-A) 


Reactions were carried out under standard conditions 
with a constant DNA polymerase concentration and varying levels of 
initial template. Total DNA and CLC DNA were determined at various 
times by the fluorescence assay (Table V). The production of CLC DNA 
was independent of the ratio of DNA to enzyme. Similar results were 
obtained using a constant template concentration but varying the 


polymerase concentration. 
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FIGURE 11. 
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Kinetics tofi CLG} d(T=-C) *d(C-A)_. 
n 
The polymer was synthesized under standard conditions with 


DNA polymerase I. At various times, total DNA synthesized 


and its CLC content were determined by the fluorescence 
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III. Discussion 


In vitro CLC DNA production is not peculiar to E. coli 
DNA polymerase I. Micrococcus luteus DNA polymerase (90), avian 
myeloblastosis virus DNA polymerase (91,92), T4 DNA polymerase (54), and 
calf thymus DNA polymerase (59) all synthesize some CLC DNA structures; 
The mechanism of CLC DNA formation probably involves either turning 
around (Figure 3b) (59), or a combination of strand switching 
(Figure 3a) (93) and turning around by the polymerase, as discussed in 
Chapter VI. E. coli DNA polymerase II (57) and polymerase III (58) are 
limited to repair synthesis in vitro. Since net-fold synthesis (more 
product than template) may be essential for CLC DNA production, these 
enzymes may not produce CLC DNA in vitro. 

Natural DNAs synthesized with E. coli DNA polymerase I 
in vitro contain 100% CLC sequences. Synthesis of certain defined 
DNA, for example, d(T-G)_*d(C-A) and d(T-T-G)_*d(C-A-A) produces 
some CLC structures. The production of such structures is 
independent of the ratio of DNA to enzyme. 

Polypyrimidine:polypurine DNAs, besides failing to produce 
CLC sequences during synthesis, are also synthesized at a slower rate 
than other DNA polymers. Synthesis can be stimulated by the addition 
of Fraction DIII (Chapter II). This stimulation cannot be 
mimicked by any combination of the following nucleases: pancreatic 
DNase I, endonuclease I, or exonuclease III (Coulter, M.B., Flintoff, W.F., 
and Paetkau, V.H.: unpublished observations). We have observed that 
DIII contains low molecular weight oligonucleotides which act as 
templates for DNA polymerase I (Coulter, M.B., Blintott, W.ia,.and 


Paetkau, V.H.: unpublished observations). The products of this 
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synthesis are high molecular weight DNAs of the polypyrimidine*polypurine 
type, as characterized by their ability to act as templates for poly rG 
synthesis by E. coli RNA polymerase [by the method described by Paetkau 
et al. (94)]. It is possible that these low molecular weight oligomers 
are acting as primers when high molecular weight polypyrimidine:poly- 
purine DNAs are used as templates. 

Schandl (95) has reported that pulse labelled oligo- 
deoxynucleotides from HeLa cells stimulate in vitro DNA synthesis 
catalyzed by E. coli DNA polymerase I. Since these oligomers 
are incorporated into the product, they are probably acting as primers. 
Similar oligomers have been isolated from pulse-labelled bacterial 
cells (96). Whether such oligomers are of the polypyrimidine:poly- 


purine type has yet to be established. 
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CHAPTER IV 


PURIFICATION AND PROPERTIES OF S FACTOR 


I Introduction 


An earlier report (62) indicated the existence of a heat 
labile material in E. coli that prevented the accumulation of CLC 
sequences during the synthesis of d(T-G)_*d(C-A)_. This initial 
observation was made with Fraction IV DNA polymerase (76). Subsequent 
work indicated that Fraction DIII (Chapter II) contained a similar 
activity. Preliminary experiments indicated that this activity in DIII 
could not be mimicked by E. coli endonuclease I in the presence or 
absence of tRNA, by protamine sulfate, by ammonium sulfate, or by ionic 
strength (Coulter, M., Flintoff, W., Paetkau, V., Pulleyblank, D., and 
Morgan, A.R.: manuscript submitted). Unlike Fraction IV, this activity 
was partially heat stable in DIII, perhaps due to the presence of 
protamine sulfate used in its isolation. 

A purification scheme was developed for S factor (strand 
separability factor) from Fraction IV. Fraction IV was used rather than 
DIII because of the presence in DIII of protamine sulfate and a poly- 


pyrimidine:polypurine type DNA, both of which were difficult to remove. 


II. Methods 


A. Nuclease Assays 


Nuclease activity was assayed by the following methods. 
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(i) The loss of label from acid insoluble polynucleotide was 
determined in a reaction mixture containing 30 mM potassium phosphate, 


pH 7.4, 12 mM MgCl 
3 


>? 2 mM 8-mercaptoethanol, either 0.52 OD 


x 
H-a (fc) +c-a(E-a)_ (120,000 cpm/OD 


260 


260 nat), "Or O.25 D466 
ne 


3 * ; 4 x 
H d(T-G) (90,000 cpm/OD 564 unit) .~or 0.23 OD, 69 C-d(C-A) (77,000 
cpm/OD,¢ unit), various S factor fractions, and, where indicated, 


O25S0D yeast tRNA. Incubations were at 37°. Portions were removed 


260 
at various times and acid insoluble radioactivity determined. One 
nuclease unit was defined as one nmole of nucleotide released per minute 
at 37°. This calculation was based on a molar extinction coefficient 
Of 6.57x 10° for d(T-G) _-d(C-A) | (97) and 9 x 10° for the single- 
stranded DNAs. 

Ka) The conversion of covalently closed circular (CCC) PM2 


DNA to a relaxed molecule was determined by fluorescence. The reaction 


LOD 


mix contained 40 mM potassium phosphate, pH 7.4, 8 mM MgCl,, 260 


CCC PM2 DNA, and 10 ug/ml Fraction 8 S factor. At various times, 
portions were diluted into KE buffer containing 0.5 ug/ml ethidium 
bromide and the fluorescence measured before and after heating. The 

CCC DNA renatures after heating, but nicked molecules do not. Any 
endonuclease activity would be indicated by a loss in fluorescence after 


heating since under these conditions single-stranded DNA does not 


fluoresce. 


RB. d(A-T) "d(A-T) Synthesis 
The presence of low molecular weight d(A-T) “d(A-T) in 
S factor fractions was determined with a synthesis reaction using DNA 


polymerase I. The reaction mix contained 6/7 mM potassium phosphate, 
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pH /.4,6.7 mM MgCl,, 2 mM 8-mercaptoethanol, 0.2 mM dATP, 0.2 m™ 


3) 


H-TTP (specific activity 3000 cpm/nmole), 0.5 OD, tRNA, 1.25 ug/ml 


60 
Fraction 8 DNA polymerase I, and various levels of S factor fractions. 
Incubations were at 37°. At various times, portions were removed and 
acid insoluble radioactivity determined. The amount of d(A-T)_*d(A-T) 
n 


synthesized was calculated from the radioactivity incorporated using a 


molecular extinction coefficient of 6.7 x 10° for d(A-T) "d(A-T) (97). 


Cc. Calibration of Sephadex G-75 Column 


A mixture (5 mls) containing 0.1% Blue Dextran 2000, 
30 D569 units ATP, 1 mg ovalbumin, 1 mg chymotrypsinogen A, 1 mg sperm 
whale myoglobin and 0.5 mg cytochrome c was chromatographed on the 
Sephadex G-75 column (4.91 ae x 95 cm) under identical conditions used 
to prepare S factor Fraction 6 (see text). The elution of each component 
was determined optically - OD5 99° Blue Dextran, ovalbumin, chymotryp- 


sinogen A; OD 569° ATP; 0D7,39' sperm whale myoglobin; OD 740: Cycon 


chrome c. 


De Purification of E. coli RNA Polymerase 


RNA polymerase from E. coli B was prepared to Fraction 3 
by the method of Burgess (98) and further purified as for Fraction III 
to VI by the method of Paetkau and Coy (74) omitting the 0.5 M Agarose 
step and substituting DEAE-Sephadex for QAE-Sephadex. The purified 
enzyme had a specific activity of about 10,000 units per mg of protein 
(one unit corresponds to the incorporation of 1 nmole of 14_cMp per 


hour under the assay conditions described by Chamberlin and Berg (75) 


except that calf thymus DNA was used as template, instead of salmon 


sperm DNA). 
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Ee Transcription of T4 DNA 


The transcription was done at 37° in an incubation 
mixture containing 0.04 M Tris-Cl, pH 8.0; 4 mM MgCl, ; 0.8 mM MnC1,; 
10 mM 8-mercaptoethanol; 40 mM KCl; 0.4 m™ 3y-CTP, specific activity 
100 cpm/pmole; 0.4 mM of each of the other rNTPs; 0.016 or 0.04 D569 
T4 DNA, 2 ug/ml Fraction VI RNA polymerase (sigma containing); and 
various levels of Fraction 8 S factor. Portions were removed at 


various times and RNA synthesis followed by the incorporation of label 


into acid-insoluble polynucleotide (74). 


bitivekesallts 


Unless otherwise indicated, all operations were carried 
out at 0°-4° and centrifugations were at 10,000 x g for 10 minutes. A 


typical purification procedure is summarized in Table VI. 


AY Steps 1-4 


The initial steps - grinding, streptomycin precipitation, 
autolysis, and ammonium sulfate fractionation - corresponded to 
Steps 1 to 4 of the DNA polymerase I purification from E. coli B (76) 
except that the ammonium sulfate precipitate was dissolved to yield a 


protein concentration of about 40 mg/ml. 


Be Step 5: DEAE-Cellulose Chromatography I 
This treatment removed high molecular weight nucleotidic 
material without the adsorption of S factor. One ml of 1 M potassium 
phosphate, pH 6.5, was added to 20 mls of Fraction 4 (material from 
1 lb. of cells) to lower the pH and to increase the phosphate concentration 


to 0.07. The sample was centrifuged and applied under moderate pressure 
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to a DEAE-cellulose column (0.63 one x 7 cm) equilibrated with Buffer A 
(0.2 M potassium phosphate, pH 6.5, 10 mM B-mercaptoethanol, and 1 mM 
EDTA). The flow rate was 0.3-0.4 ml/minute. The protein wash-through 
was collected as Fraction 5. 

Most of the § factor activity in Fraction 5 was completely 
excluded from Sephadex G-75. Autolysis, as described below, quantitatively 
converted it to a partially included form. The autolysis was possible 
only after low molecular weight inhibitory components had been removed 
and yan added, as follows. 

(68) Salt Exchange of Fraction 5 

This treatment separated the protein from the low 
molecular weight nucleotidic material and salts. Fraction 5, 26 mls, 
was applied to a Sephadex G-25 column (4.91 ae x 38 cm) equilibrated 


with Buffer A. The flow rate was 0.5 ml/minute and 12.6 ml fractions 


were collected (Figure 12). The excluded protein peak had an D596 to 
D6 ratio of 1.49, compared to 0.68 for Fraction 5. 
(ii) Concentration 


The excluded Sephadex G-25 protein peak, 38 mls, was 
concentrated to 6 mls using an Amicon ultrafiltration cell (Model 52) 


ee 
with a PM10 membrane at an operating pressure of 45 1b./in™ of nitrogen. 
(CGB) Autolysis 


This treatment quantitatively dissociated S factor 
from higher molecular weight components. The concentrated sample was 
centrifuged and magnesium chloride (final concentration 4 mM) added. 
Incubation was at room temperature. The extent of autolysis was 


' 3 x e114 * 
measured by the acid solubilization of 0.52 D560 H-d (T-G) | C-d(C-A) | 
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100 200 300 
VOLUME (ml) 


Salt Exchange of Fraction 5 S Factor. 

Fraction 5, 26 mls, was applied to a Sephadex G-25 colum 
(4.91 ene x 38 cm) equilibrated with 0.2 M potassium 
phosphate, pH 6.5, 10 mM 8-mercaptoethanol, and 1 mM EDTA. 
Fractions were 12.6 mls. Salt elution was monitored 
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(120,000 cpm/0D,¢ 5 unit) added to a portion of the sample. The autolysis 
was stopped after 75 minutes when the polymer had been completely degraded. 
The time for total degradation varied between 60 and 120 minutes for 


different preparations of concentrated Fraction 5. 


re Step 6: Sephadex G-75 Chromatography 


The autolyzed sample, 6 mls, was centrifuged and 
applied under gravity to a Sephadex G-75 colum (4.91 om” x 95 ecm) 
equilibrated with Buffer A. After the sample had entered the resin, 
the flow rate was maintained at 15 mls/hour with an LKB peristaltic pump. 
Fractions of 5.2 mls were collected. The S factor activity was 
separated from the bulk of the protein and eluted at 50% bed volume 
(Figure 13) which corresponded to a molecular weight of 26,000. The 
fractions containing S factor activity were pooled (25 mls) and passed 
over a Sephadex G-25 colum (4.91 ae x 38 cm) equilibrated with 
Buffer B (10 mM Tris-Cl, pH 8.0, and 0.1 mM EDTA). The excluded protein 
was concentrated by lyophilization and dissolved in 3 mls of water 


(Fraction 6). 


Dis Properties of Fraction 6 
(i) Nuclease content 


Most of the nuclease in Fraction 6 was active on a double- 
stranded template (Table VII). This nuclease activity varied from 
preparation to preparation and was 50-60% endonuclease I as indicated by 
its tRNA sensitivity (78). At the level of Fraction 6 required to 


reduce the CLC DNA content of d(T-G)_"d(C-A) by 50%, it would have 
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FIGURE 13. Sephadex G-75 Chromatography. 
The autolyzed sample (6 mls Fraction 5) was applied 
to a Sephadex G-75 colum (4.91 oat! x 95 cm) 
equilibrated with 0.2 M potassium phosphate, pH 6.5, 
10 mM B-mercaptoethanol, and 1 mM EDTA. The flow 
rate was 15 mls/hour and 5.2 ml fractions were 
collected. The S factor activity was determined under 
standard conditions using the fluorescence assay on 
d(T-G)_ +d (C-A) polymers. A 50% decrease in the CLC 
content of d(T-G),*d(C-A) was defined as one unit of 
S factor activity. The elution Ae or Ney) of Blue 
Dextran 2000, ovalbumin, chymotrypsinogen A, sperm 


whale myoglobin, cytochrome c, and ATP was determined 


separately. O ome OD 5993 e———e , OD 5603 


A A, S factor activity, units/ml. 
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TABLE VII 


NUCLEASE ACTIVITY OF FRACTION 6 S FACTOR 


Nuclease assays were carried out under standard conditions 


using the acid solubilization of labelled polynucleotide. 


Nuclease Activity 


Template units/ml@ 
= tRNA + tRNA 
“Hd (T-¢) ced (C-A) 39.5 1720 
*H-d (TG), 2.6 ita 
Me-a-a), 2.3 1.4 


a : 
One nuclease unit was defined as one nmole of 


nucleotide released/minute at 37°. 


"VE. ah) ad! 


to slomea aco es ssut¥o naw saw senstson ano" or 
wma: wbtiotoum 


taken the tRNA insensitive nuclease 20-50 hours to completely degrade 


the input template. 


(ia d(A-T) "d(A-T) Content 

Unlike Fraction 5 S factor, Fraction 6 showed an increase 
in the CLC content of product at intermediate levels (Figure 14). The 
decrease in the ratio of 14 oc to 3y-T incorporation (Inset, Figure 14) 
suggested that the increase in CLC was due to d(A-T) *d(A-T) production. 
The following observations (Table VIII) supported this: (a) TTP in- 
corporation was dependent upon dATP, (b) 14 acrp was not incorporated, and 
(c) the product synthesized was of 100% CLC content. The kinetics of 
synthesis suggested that low molecular weight material was the template 
(Figure 15). 

Incubation with magnesium chloride, or with exonuclease III, 


or adsorption and elution from DEAE-cellulose did not remove this 


d(A-T) -d(A-T) | template activity from S factor. 


Es Step 7: Urea-Lithium Chloride Treatment 


This treatment removed the d(A-T) *d(A-T) template 
activity. The procedure was a modification of that used by Traub and 
Nomura to dissociate E. coli ribosomal proteins (99). To 1 ml of 
Fraction 6, 1 ml of an urea-lithium chloride solution (8 M in each 
component) and 8-mercaptoethanol (final concentration 6 mM) were added. 
The sample was incubated in an ice slurry for 36 hours. The solution 
was centrifuged and applied under gravity to a Sephadex G-50 colum 
(02635 ae x 55 cm) equilibrated with Buffer C (4 M urea, 4 M LiCl, 

10 mM Tris-Cl, pH 7.5, and 6 mM 8-mercaptoethanol). After the sample 


had entered the resin, the flow rate was maintained at 2.3 mls/hour 
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FIGURE 14. Titration Curves of S Factor Activity in Fraction 5 
and Fraction 6. 
The S factor activity in Fractions 5 and 6 was de- 
termined by the fluorescence assay on d(T-G)_*d(C-A)_ . 
The polymers were synthesized with 34-7 TP (specific 
activity 3000 cpm/nmole) and 140 acTP (specific 
activity 1710 cpm/nmole). At the end of 5 hours, 
acid insoluble radioactivity and the CLC DNA content 


(fluorescence assay) were determined. @——®@, 


Oy, seract1oni.G:. 
3 


Fraction 5;" 0 


The ratios o£ 140_a¢ to 


H-T incorporated in the 
polymers synthesized with various levels of 


Fraction 6 are shown in the Inset. 


56 


001 


eed 


PSD EP SET] (IRE ol FS BRENNER GD Sin CTI AS PRES a 


(M4 /11) qaddqv YOLOV4 S$ 
08 09 oOo 


(14/1) qaddav YOLDV4 S 
09 Or 


FO aN IAD BE RSVR IPED A Pa an NI NEN AY ROT 


O 


A IRE RS RLS OS RS EN RO 


O& 


q 


iene “oadelew 4 Prackioe she 


a >) Caer « © van dé 


ia) 2 _ 
a? PS ee 
by as 


6 


2 t¥C1O% WODED (hr \2) 
0 
aap 


a7 


TABLE VIII 
TEMPLATE ACTIVITY OF FRACTION 6 S FACTOR 


Synthesis was done under the d(A-T) *d(A-T) 
synthesizing conditions with either 3y-TTP (specific 
activity 3000 cpm/nmole) or 140_actp (specific activity 
1710 cpm/nmole) present. 


pond te one DNA Synthesized ERG ae 
D560 at 5 Hours® at 6 Hours 

DNA polymerase I 

+ 3y-TTP, dATP 0 = 
DNA polymerase I + 

é O¢2 D6 d(A-T) -d(A-T) 

+ ~H-TTP, dATP Ono 97 

DNA polymerase I + 
20 we/ml Fraction 6 S Factor 

+ H-TTP, dATP 0.97 104 

+ *H-TTP, dATP, dcrP, dCTP 0.69 97 

+ 3y-rTP 0 2 

+ 3y-TrP, dGrP 0 = 

ap 3y-TTP, dGTP 0 - 

414c_acrp, dCTP, dATP, TTP 0 = 


“The amount of DNA synthesized was calculated from radioactive in- 
corporation using a molar extinction coefficient of 6.7 x 10° for 
d(A-T)_ *d(A-T) (97)ic 


othe CLC content was determined by the fluorescence assay. By this 


assay, 0.02 D6 of the defined polymers d(A) d(T), and d(A-T) _. 


d(A-T) gave 2% and 95% CLC DNA content, respectively. 
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FIGURE 15. 


Kinetics of Putative d(A-T) "d(A-T) Production from 
Fraction 6 S Factor. 

Synthesis was carried out under the d(A-T) +d (A-T) 
synthesizing conditions with 3y-TTP (specific 
activity 3000 cpm/nmole) present. Portions were 
removed at various times and acid insoluble radio- 
activity determined. The amount of d(A-T) *d(A-T) | 
synthesized was determined as indicated in 

Table VIII. A 
O O , DNA polymerase I plus 0.2 OD 
d(A-T)_ *d(A-T) 5 @ 
20 ug/ml Fraction 6 S factor. 


4 , DNA polymerase I; 


260 
® , DNA polymerase I plus 


Be) 


(°°%qQO) GAZISSHLNAS VNGd 


TIME (hours) 
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with an LKB peristaltic pump. Fractions of 0.9 ml were collected. The 
excluded peak, 5.4 mls, was dialyzed for 15 hours against 500 mls of 
Buffer D (6 M urea, 2 M LiCl, 10 mM Tris-Cl, pH 7.5, and 6 mM 8-mercapto- 
ethanol). Over a period of 48 hours this buffer was diluted by pumping 
Buffer E (0.5 M KCl and 5 mM sodium phosphate, pH 7.2) into the 
dialysis chamber at 40 mls/hour. The protein was passed over a Sephadex 
G-25 colum (1.33 ee x 45 cm) equilibrated with Buffer B, concentrated 
by lyophilization, and dissolved in 1.5 mls of water (Fraction 7). 
Although there was a 50% loss of S factor activity, the 
increase in CLC characteristic of d(A-T)_ -d(A-T) | synthesis in Fraction 


6 was absent in Fraction 7 (Figure 16). 


F. Step 8: DEAE-Cellulose Chromatography II 


Residual nuclease activity was removed by DEAE-cellulose 
chromatography. One ml of Fraction 7 was diluted 5-fold with 50 m™ 
Tris-Cl, pH 8.0, and applied under gravity to a DEAE-cellulose colum 
(0.18 ae x 7 em) equilibrated with Buffer F (50 mM Tris-Cl, pH 8.0, 
and 10% glycerol). The column was washed with 2 mls of Buffer F, and 
the protein eluted with a 30 ml linear gradient (15 mls of Buffer F 
0-05) Muin NaClvand 15 mis of Buffer F 0145) M in) NaCl. The flow rate 
was maintained at 7.8 mls/hour with an LKB peristaltic pump. Fractions 
of 1.3 mls were collected. The S factor eluted at a mean NaCl 
concentration of 0.15 M (Figure 17). Fractions containing S factor 
activity were pooled (6 mls), passed over a Sephadex G-25 column 
Cie 33 ena x 45 cm) equilibrated with Buffer B, concentrated by 


lyophilization, and dissolved in 1 ml of water (Fraction 8). 
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FIGURE 16. Titration Curves of S Factor Activity in Fraction 6, 
Fraction /, and Fraction: s;, 
The S factor activity in Fractions 6, 7 and 8 was 
determined by the fluorescence assay on d(T-G)_*d(C-A)_. 
Synthesis was for 5 hours...) .O-©..) Fraction o- 
@ @, Fraction 7; A 
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FIGURE 17. 


DEAE-Cellulose Chromatography II. 

Fraction 7 S factor was treated as indicated in the 
text. The fluorescence assay on d(T-G)_*d(C-A) | was 
used to determine S factor activity. Sodium chloride 
concentrations were determined refractometrically. 
(Decrees D) OD 993 @-——_— ©. S factor activity, 
units/ml; A A , NaCl molarity. 
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Fraction 8 had an activity titration curve similar to 
Fraction 7 (Figure 16). This final chromatography, however, resulted in 
an 80% loss of activity. Fraction 8 has been stored on ice for 3 months 


with no loss of activity. 


G. Properties of Fraction 8 S Factor 


(1) Nuclease Content 
With 10 ug/ml of Fraction 8, there was no detectable 
#e 
acid solubilization of radioactivity in 10 hours with either *H-a (T-6)_* 


14 3 


# x 
C-d(G-A) | or H-d(T-G)_. With the same level of Fraction 8, less 


than 10% of the PM2 DNA molecules (1 OD ) were nicked in 20 hours of 


260 
incubation as determined by the fluorescence nuclease assay. These 

upper limits of nuclease activity indicate that during polymer 

synthesis less than 1 nmole of nucleotide would be removed by exonuclease 


activity for every 400 nmoles incorporated, and less than 1 molecule in 


4x nee would be nicked by endonuclease activity. 


(ii) Heat Stability 
When heated for 7 minutes at various temperatures, Fraction 


8 lost 50% of its activity between 45° and 50° (Figure 18). 


(iii) Analysis in SDS-Acrylamide Gel Electrophoresis 
Densitometric tracings of stained gels, 10% in 
acrylamide, showed that 90-95% of the protein present in 4 ug of 
Fraction 8 migrated as a single band in SDS-acrylamide gel electro- 
phoresis (Figure 19b). A similar gel pattern was obtained with 30 ug of 
Fraction 8. Fraction 7 contained 4 distinct protein bands (Figure 19a). 


The band with the greatest mobility corresponded to the band in 
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FIGURE 18. 
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40. 50 60 70 80 
TEMPERATURE (°C) 


Heateotabilityeot Fraction, S's Factor. 

Fraction 8 S factor was heated to the indicated 
temperatures for 7 minutes, centrifuged, and assayed for 
residual S factor activity. Standard assay conditions 
were used and CLC content of the d(T-G)_*d(C-A) polymers 


was determined by the fluorescence method. 
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FIGURE 19. 


SDS-Acrylamide Gel Electrophoresis of S Factor and 
Marker Proteins. 
Gels were 10% in acrylamide. Conditions of sample 
preparation and electrophoresis were as given in 
Chapter II. 
(a) LO Mie Or ekractlong/moe. actor. 
(b) 4 ue of Fraction 8 S factor. 
(c) 7 ug of ovalbumin, 7 ug of chymotrypsinogen A, 
ved ug of R17 coat protein (obtained from the 
lysis of R17 phage particles during the sample 


preparation), and 3 ug of Fraction 8 S factor. 


ie 


A 


Ovalbumin 


Chymotrypsinogen A 
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Fraction 8. In some Fraction 7 preparations, this particular band was 


not the dominant species. 


(iv) Molecular Weight Determination from SDS- 
Acrylamide Gel Electrophoresis 
Fraction 8 S factor migrated slightly ahead of R17 coat 
protein (Figure 19c). By comparing the migration distance of S factor 
to the migration distances of proteins of known molecular weight, 


S factor was assigned a molecular weight of 11,500 (Figure 20). 


(v) Effect on Transcription 

Experiments were performed with ratios of Fraction 8 
S factor to DNA varying between 1:1 and 20:1 (on a weight basis) to 
determine the effect of S factor on the transcription of T4 DNA by 
E. coli RNA polymerase. At all sampling times, 10, 20, 40, and 60 
minutes, there was less than 10% difference between the amount of RNA 
synthesized in the absence or presence of S factor regardless of the 
ratio of S factor to DNA. In all cases, an amount of RNA equivalent to 
70-80% of the DNA content was synthesized in 60 minutes. The S factor, 
thus, differs from the known low molecular weight transcription- 


stimulating proteins of E. coli (100,101). 


IV. Discussion 


The purification of S protein was complicated by the 
presence of nucleases and low molecular weight oligo d(A-T). 

During the initial S factor purification steps, nuclease 
activities other than endonuclease I interfered with the assay system 


for S factor. These nucleases decreased the apparent CLC content of 
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FIGURE 20. Molecular Weight Determination from SDS-Acrylamide Gel 
Electrophoresis. 
The relative mobilities were calculated by dividing the 
distance the protein band migrated by the gel length. 
The molecular weights used for the marker proteins were: 
45,000 for ovalbumin, 25,000 for chymotrypsinogen A, and 
13,750 for R17 coat protein. 
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d(T-G) *d(C-A) as measured by the fluorescence assay, and in some 

cases completely inhibited the synthetic reaction. The bulk of this 
nuclease was removed by Sephadex G-75 chromatography (Fraction 6). 
Residual activity was removed by subsequent DEAE-cellulose chromatography 
(Fraction 8). Fraction 8 S factor contained no detectable endonuclease 
or exonuclease activity. 

Low molecular weight oligo d(A-T) was difficult to remove 
because of its association with S factor. The small size of the oligo- 
nucleotide was likely the result of degradation during the autolysis in 
Fraction 5. If this autolysis treatment was omitted, most of the S factor 
activity eluted in the excluded volume from the Sephadex G-75 colum 
(Fraction 6). The observation that Fraction 6 S factor contained a 
template for d(A-T) *d(A-T)_ synthesis suggests that F. coli DNA 
contains d(A-T) sequences. The binding of S factor to this oligo- 
nucleotide appears to be sequence specific since only d(A-T) *d(A-T) | was 
synthesized; however, binding to ends of the low molecular weight 
material may also be involved. During the synthesis of polymers, 

S factor probably dissociated from the oligo d(A-T). In cases where 
sufficient nuclease was present (Fraction 5, and high levels of 
Fraction 6), this "unmasked" polymer was probably degraded. In the 
absence of sufficient nuclease (intermediate levels of Fraction 6), it 
was used as template (Figure 16). This low molecular weight oligo 
d(A-T) was removed by an urea-lithium chloride treatment (Fraction 7). 
Whether a similar effect could have been achieved with high salt alone 


is not known. The urea may be essential to keep the protein soluble at 


high salt concentrations. 
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The loss of activity in going from Fraction 7 to Fraction 
8 may be due to low protein concentrations. If the treatments are done 
in the reverse order, similar losses occur only during the final step 
(urea-lithium chloride treatment). 

Both DNA polymerase I and S factor can be obtained from 
this purification scheme. The excluded protein peak from the Sephadex 
G-75 column can be treated as Fraction 5 in the standard purification 
procedure for DNA polymerase I (71). 

The elution of S factor from the Sephadex G-75 colum 
at a position corresponding to a molecular weight of 26,000 and its 
molecular weight as determined from SDS-acrylamide gel electrophoresis 
(11,500) suggest that S factor may exist as a dimer. In every preparation 
S factor eluted at the same position on the Sephadex G-75 colum even 
though oligo d(A-T) was present, probably in different amounts. The S 
factor eluted at the same sodium chloride concentration on DEAE-cellulose 
before (that is, omitting the urea-lithium chloride treatment) and after 
the removal of the oligo d(A-T), suggesting that the oligonucleotide was 
not interfering with this property of S factor. The Sephadex G-75 
elution pattern of d(A-T)_*d(A-T) - free S factor would be required to 
establish whether or not S factor is dimeric. 

The S factor is distinguishable from the F. coli single- 
stranded DNA binding protein by its molecular weight in SDS-acrylamide 
gel electrophoresis. The S factor has a molecular weight of 11,500; 
the E. coli DNA binding protein, a molecular weight of 22,000 (44). 

In addition, preliminary experiments at 2.5 mM sodium phosphate, pH 7.2, 
have indicated that at a ratio of 7:1 (on a ug basis) of protein to DNA, 


S factor had no effect on the Th of T4 DNA. At a similar protein to DNA 
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ratio and a slightly lower ionic strength, the E. coli single-stranded 
DNA binding protein lowers the T of T4 DNA (44). 

Fraction 7 and Fraction 8 S factor can be used inter- 
changeably for the synthesis of polymers. Fraction 7, however, does 
contain traces of nuclease activity which may stimulate synthesis. The 
failure to reduce the CLC DNA content of polymers below 5% with high 
levels of either Fraction 7 or 8 (Figure 16) may be a reflection of 


some inherent structural feature of the template. 
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CHAPTER V 
EFFECTS OF S FACTOR ON THE SYNTHETIC REACTION 


le Introduction 


There have been several reports of proteins other than 
nucleases which affect DNA synthesis catalyzed by DNA polymerases 
in vitro. The T4 gene 32 protein (32), E. coli single-stranded DNA 
binding protein (44), T7 single-stranded DNA binding protein (45), 
avian myeloblastosis virus (AMV) DNA polymerase stimulating protein (92), 
and copolymerase "Oe (102) all stimulate in vitro DNA synthesis 


catalyzed by their respective polymerases (Table IX). 


TABLE IX 


DNA POLYMERASE STIMULATING PROTEINS 


Protein Polymerase Reference 
T4 gene 32 protein T4 DNA polymerase (32) 


E. coli single-stranded E. coli DNA polymerase II (44) 
DNA binding protein ; 


T7 single-stranded T7 DNA polymerase (45) 
DNA binding protein 


AMV stimulatory protein AMV DNA polymerase (92) 


* 
Copolymerase en E. coli DNA polymerase III (102) 
(an altered form of E. coli 
DNA polymerase III) 
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The exact mechanism of stimulation may involve the interaction of protein 
with its respective polymerase, since the protein is specific for its 
polymerase. 

This chapter summarizes the effects of S factor on the 


DNA synthesis catalyzed by E. coli DNA polymerase I LEN LEE. 


Ii. Results 


Ae Effect of S Factor on CLG DNA Production in d(T-G)_*d(C-A) | 


Separable-stranded d(T-G)_*d(C-A) | was used as a 
template for DNA polymerase I reactions in the absence or presence of 
7.) ve/mlyFraction 7 5 factor. §Fraction 7 was) added at) 0 time or after 
synthesis had proceeded for 1.5 or 2.5 hours. Portions of the in- 
cubation mixtures were removed at various times and assayed for CLC 
sequences or total bihelical DNA by the fluorescence method (Figure 21). 
When S factor was present from time 0, the CLC DNA was low. In the 
absence of S factor, there was a significant production of CLC DNA 
which was not removed by the addition of S$ factor at 1.5 or 2.5 hours. 
The actual amount of CLC remained constant after addition at these times, 


whereas, the percentage of the DNA which was CLC decreased. 


B. Incubation of CLC d(T-G) +d (C-A) with S Factor 


To determine whether S factor could remove CLC structures, 
CEG d(T-G)_*d(C-A)_, made in the absence of S factor, was treated with 
50 ug/ml of either Fraction 7 or Fraction 8 S factor. In two cases, 
12 mM MgCl, was also present. Portions were removed at various times 


and assayed by the fluorescence assay for total bihelical DNA or CLC 
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FIGURE 21. Production of CLC d(T-G)_*d(C-A) in the Presence 
of 5 Factor. 
Polymers were synthesized under standard conditions 
in the absence or presence of 7.5 ug per ml Fraction 7 
S factor. As indicated by the arrows, Fraction 7 was 
added at 0, 1.5, or 2.5 hours. Portions were removed 
from the synthesizing mixtures and total DNA 
synthesized (open symbols) or CLC DNA synthesized 
(closed symbols) was determined by the fluorescence 
assay. The numbers in brackets indicate the per- 
centage of the newly made DNA which was CLC. 
Circles, no Fraction 7; triangles, Fraction 7 at 0 
time; squares, Fraction 7 at 1.5 hours; diamonds, 


Fraction 7 at 2.5 hours. 
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DNA (Figure 22). The S factor did not remove CLC sequences. When nuclease 
was present (Fraction 7 plus MgCl.) there was nucleolytic degradation 


but no preferential removal of CLC sequences. 


C2 Physical Properties of d(T-G),*d(C-A) | Synthesized 


in the Absence or Presence of S Factor 


Isolated polymers were synthesized from separable- 
stranded d(T-G)_“d(C-A) | under standard conditions in the absence or 
presence of Fraction 7 or Fraction 8 S factor. Their molecular weights 
were determined by the Studier method (79), and their CLC content 
determined by the fluorescence method (Table X). There were two main 
effects of S factor. These were on the CLC DNA content and on the 
single-stranded molecular weight. 

Polymers made with S factor had a low CLC content 
compared to those made in its absence. Alkaline CsCl equilibrium density 
banding confirmed this observation. Optical density patterns similar to 
Figure 6a for polymer made in the absence of S factor, and to Figure 6b 
for polymer made with S factor were obtained. 

The alkaline molecular weights for polymers made with 
S factor were lower than those for polymers made in its absence. For 
polymers made with S factor, the ratio of the alkaline molecular weight 
to the neutral molecular weight was about one-half the ratio observed in 
the polymers made without S factor. This ratio for CLC DNA is consistent 


with a strand-switching mechanism for CLC production, as discussed in 


Chapter VI. 
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FIGURE 22. Incubation cf CLC d(T-G)_*d(C-A) | with Fraction 7 or 
Fraction 8 S Factor. 
The incubation mixture contained 30 mM potassium 
phosphate. ph 7.4.) 2 misdLthtothrertol.) D569 CLC 
d(T-G)_*d(C-A) 0.5 OD,¢5 tRNA, 50 ug/ml either 
Fraction 7 or Fraction 8, and where indicated 12 m™ 
MgC1,. Incubations were at 37°. Portions were 
removed at various times and total DNA (open symbols) 
or CLC DNA (closed symbols) was determined by the 
fluorescence assay. The numbers in brackets indicate 
the per cent of the total DNA which was CLC. 
Circles, Fraction 7; triangles, Fraction 7 plus 


MgCl Squares, Fraction 8 plus MgCl 
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De Effect of S Factor on E. coli DNA Synthesis In vitro 


Hee COLT DNA, 02, CLC, at. 0.5 D. 66 was used as a template 
for a DNA polymerase I reaction in the absence or presence of 5 ug/ml 
Fraction 8 S factor. Portions were removed at various times and 
analyzed by the fluorescence method using the KE buffer system to 
determine the amount of DNA synthesized and its CLC content (Figure 23). 
In the presence of S factor, the synthesis was inhibited, and the 
per cent CLC of the product was reduced to 67. Similar results were 


obtained with 20 ug/ml Fraction 8 S factor. 


IIL. Discussion 


The major affect of S factor on the defined polymer 
d(T-G)_*d(C-A) was the prevention of CLC DNA formation during 
synthesis. For this effect however, S factor had to be present at 0 
time. Once a CLC linkage had been formed it was resistant to the 
aCtlonsOteseEaClOYeum Wii Spon caclOoLeaculVatyets NOLCETes~LEIchLed to the 
d(T-G)_*d(C-A)_ polymer. Recent work has indicated that S factor also 
prevents the formation of CLC DNA during the synthesis of the defined 
polymer d(T-T-G)_+d(C-A-A) | (GoulteteeMe ee INCOR Wee bac tate Ve 
Pulleyblank, D., and Morgan, A.R.: manuscript submitted). 

The effect of S factor during the synthesis using a 
natural template was two fold. In addition to partially reducing the 
CLC DNA content, net-fold synthesis did not occur. Both of these 
findings would be consistent with a block in the major synthesis mechan- 
ism, strand displacement (Chapter VI). The complexity of the DNA and 


perhaps the requirement of the system for additional components may 
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FIGURE 23. 


Effect of S Factor on E. coli DNA Synthesis In Vitro. 
E. coli DNA was synthesized under standard conditions 
in the absence or presence of 5 yg/ml Fraction 8 

S factor. ‘The initial’ template, 0% CLC, wae 0.5 
Daeg: Portions were removed at various times and 
analyzed in the KE buffer system for total bihelical 
DNA synthesized (open symbols) or CLC DNA synthesized 
(closed symbols). The results are expressed in terms 
of the newly made DNA. The numbers in brackets 
indicate the percentage of the newly made DNA which 
was CLC. circles, no S factor; triangles, 5 pg/ml 


Fraction 8 S factor. 
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explain the limited effect that S factor had on the prevention of CLC 
DNA formation using the natural template. 
Several observations using synthetic polymers suggest 
some specificity for the action of S factor. These are: 
(a) The S factor was unable to remove 
CLC DNA sequences once they were formed (Figure 21,22). 
(b) The S factor was effective throughout the 
synthesis despite an increased concentration of DNA 
(Figure 21); therefore, S factor may be specific for 
the sites of synthesis, which would not increase in 
direct proportion to the total DNA. 
(c) In the presence of S factor, DNA 
polymerase appeared to selectively copy non-CLC DNA 
when both CLC and non-CLC DNA were present (Figure 21 - 
The absolute level of CLC DNA present remained 
constant, but the percentage of the total DNA which 
was CLC decreased.). 
In addition to the requirement for S factor at 0 time, 
the production of separable-stranded DNA in vitro requires that the 
template have certain physical properties. Heating and cooling a 
d(T-G)_*d(C-A) polymer produced a highly branched structure (Paetkau, V.: 
unpublished electron micrographs). Such a polymer, when used as a 
template in the presence of S factor, led to the synthesis of DNA 
containing CLC sequences (Coulter, M., Flintoff, W., Paetkau, V., 
Pulleyblank, D., and Morgan, A.R.: manuscript submitted). fate ats factor 
will prevent the production of DNA with CLC sequences if the template for 


the reaction is of a simple, linear nature, with separable strands. 
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CHAPTER VI 


CONCLUSION 


A model for in vitro DNA synthesis has been postulated 
by Schildkraut, Richardson, and Kornberg (61) to explain the synthesis 
catalyzed by E. coli DNA polymerase I. This mechanism explains the 


production of CLC DNA (Figure 24). 


FIGURE 24. Strand Displacement Mechanism for DNA Synthesis. 


» parental; @@@e@e@ , newly made. 
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Synthesis begins at a nick (Figure 24a) by the addition 
of deoxynucleotide residues onto the 3'-hydroxyl terminal of the 
parental primer. The initial phases of the synthesis may involve a 
repair-type reaction in which the nick is translated toward the end of 
the molecule (Figure 24b). At some point during the synthesis, the 5' 
strand is displaced (Figure 24c). After further copying, the polymerase 
molecule may switch strands and begin to copy this displaced strand 
(Figure 24d). The result is CLC DNA. That such a mechanism does occur 
with E. coli DNA polymerase I acting on a circular, natural DNA template 
in vitro is demonstrated by the work of Masamune and Richardson (93). 
Subsequent to strand displacement, the newly made DNA may loop back on 
itself to form a "hairpin" structure (104), or the polymerase molecule 
may turn around. In either case, the polymerase molecule uses the 
newly made DNA as template for additional synthesis (Figure 24e). The 
result is CLC DNA and a branched structure (93,103). Branched structures 
however, could also arise by strand switching followed by branch migration 


(105) (Figure 24f). Calf thymus DNA polymerase synthesizes CLC structures 


FIGURE 25. Formation of CLC Sequences by Calf Thymus DNA Polymerase. 


, parental; @e@ee@ >; newly made. 
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probably by a turning-around mechanism. This enzyme can add deoxy- 
nucleotide residues onto the 3'-end of a single-stranded DNA, forming 
hairpin structures entirely of newly made DNA (59) (Figure 25). 

A slippage mechanism for DNA synthesis does not give 


rise to CLC DNA (Figure 26). 


n 
w 


.) 
On 
BSSSw, 
¢3808¢0——______—__ 


(e) 


~ 
(@) 
~~ 


(a) (b) 


FIGURE 26. Slippage Mechanism for DNA Synthesis. 
, parental; @@@@@@ , newly made. 


The molecule "breathes" in such a way as to allow 
repair-type synthesis to occur on one strand (Figure 26b). The molecule 
then relaxes and repair synthesis occurs on the other strand (Figure 26c). 

A strand-switching mechanism may be occurring in the 
synthesis of certain defined DNAs in our work since CLC DNA was 
produced and the single-stranded molecular weight of such DNA was 
greater than one-half the double-stranded molecular weight (Table X). 
Since all the newly synthesized DNA was not CLC, slippage may also be 


occurring. This is supported by the finding that the repeating tri- 
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nucleotide polymer d(T-T-G)_*d(C-A-A) , which is less likely to slip 
than the repeating dinucleotide polymer d(T-G)_ *d(C-A)_, has a 10-20% 
higher CLC DNA content than d(T-G)_-d(C-A) (CoultetgeM., Flintoff, W., 
Paetkau, V., Pulleyblank, D., and Morgan, A.R.: manuscript submitted). 
Slippage may be the mechanism whereby polypyrimidine*polypurine DNAs are 
synthesized. 

Since strand-switching or turn-around is probably the 
mechanism for synthesis from a natural DNA template in vitro, it would be 
interesting to determine whether there are unique sites on the chromo- 
some where such ''turn-arounds" occur. A template for this would be 
relaxed colicin El DNA which contains a single, specific nick (106). 

The DNA would be copied with E. coli DNA polymerase I in vitro. After 
partial degradation with endonuclease I, the product would be denatured 
and chromatographed on hydroxylapatite. Since the CLC region would be 
double-stranded, it would be separated from the single-stranded DNA. 

The CLC region could then be sequenced by a series of nuclease digestions. 

If CLC DNA is a result of strand displacement and strand- 
switching, how is S factor preventing the accumulation of such structures 
during synthesis? There are two possibilities: | 

(1) The S factor may be acting as a nuclease 

specific for the "looped-out" region at the CLC sequence 
linker (107). Although there was no demonstrable 
nuclease activity in purified S factor, the nuclease 
assays may have been limited by the templates used. 

To demonstrate such a specific nuclease activity would 
require that the template be similar to the structure 


of DNA generated during synthesis. A candidate for 
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such a template might be a "hairpin" DNA structure. 

However, molecules of the CLC type were not con- 

verted to separable strands by S factor, making 

this an unlikely mechanism. 

(2) The S factor may be preventing strand- 

switching by the polymerase by binding to the dis- 

placed strand. The finding that S factor was 

associated with low molecular weight oligo d(A-T) 

suggests that it readily binds to nucleic acids. 

In the presence of S factor, the inhibition of 

E. coli DNA synthesis and the reduction in CLC 

would be consistent with a block in the strand- 

switching mechanism of synthesis. 
Further work will be required to differentiate between these proposed 
mechanisms and to establish whether the activity of S factor involves 
an association with nucleic acid, or polymerase, or both. 

An additional template for S factor would be a circular, 
nicked DNA. When this DNA (for example, nicked PM2 DNA, and, perhaps, col- 
icin El DNA) is copied in vitro by E. coli DNA polymerase I, it generates 
rolling circles, with one strand continuously being displaced, and 
forms CLC DNA (93). The effect of S factor on CLC DNA formation during 
synthesis of these DNAs, and the physical structures of the resulting 
products could be easily tested. The DNA synthesis using natural DNAs 
as templates in the presence of S factor may provide a system to test 
the involvement of additional components. Since net-fold synthesis was 
inhibited various components which stimulate synthesis could be tested. 


Such a system would be analogous to the $X174 DNA in vitro synthesizing 
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system described by Hurwitz, Wickner, and Wright (108). In this, a factor 
was demonstrated to restore dependence on E. coli RNA polymerase to the 
copying of $X174 DNA by E. coli DNA polymerase III. 

The in vitro production of CLC DNA has not been well 
established, and whether or not S factor has an in vivo role is, of course, 
also questionable. Several approaches may be used to determine whether 
these components are o£ in vivo significance: 

(1) E. coli strains thermosensitive for DNA 

synthesis in the loci dna A, B, C, D, and G are not 
yet biochemically characterized. The sudden production 
of CLC DNA after switching to the nonpermissive 
temperature in these strains would be evidence for an 
m factor activity at these loci vin vivo. “Ihe best 
candidates are B and C (D) since A is involved with 
initiation of synthesis (109) and G has a molecular 
weight of 60,000 (38). Biochemical (37) and genetic 
(110) evidence suggest that dna C and dna D gene 
products may be related. One of the activities of 

C (D) in an in vitro complementation assay has a 
molecular weight of 25,000 (37) which is similar to 
the molecular weight of S factor. 

(2) E. coli treated with toluene and 

Triton X-100 are permeable to antibodies (51). An 
antibody to purified S factor might then be used 


to inactivate the protein in the cell, and CLC DNA 


91 


5 ee ; 
rori3orw sdivesteh od hisu od vou aatonorqae Intevee ial 38 
fesriéottlagte ovly mb 20 ste 22nanaqmos 
AMG yor Svithenssomrerds amtarta Ling «i O 

jon ove © bos 4 .0..8 @A Bab bool aa ot pismiuere 
do raaufer aabhbve oAT .bestyatoatedo yi leotnedoakd tay . 

svbealmreqaon adt of getdotiwe xodte ANd DUD to 

fn 902 soasbive 6d bluow anteste seals of ssutesaqae2 

gaod af .ovkv st roof sead3 tg ytkvisss rose? & 

dtiw beviavnl at A sonka (1) 9 bos & stp aadeblbago 

thluoolomn s asd UY ban (QOL) etesiamye Fo sotietsiat 

stteneg bre (VE) Isotmafoot® , (88) 000,00 to tdgtew i | 
‘seeg C anh bas 2 arb tods deaggve subir (O44) rm 7 


36 ésitivisos sd3 da en .beatalor sid yam etouborg 


ie 
B aa ysres nolissasmstqmon oxsivy mk om ot (a) 9 vy Yt 
. >: 
93 xslimte at foldw (TE) 000,28 to andgtow xalwoslom ' 
70398) 2 10 afgtew seluoedom ald > ie 
=e 9 


bis smauicts ditw hesasxa thos .8 (f) 
mk. (£8) eotbodt sine 03 sidasareq sa OO[-% nothr? 
donu ad nara Idgia sotont & belitiva os rhodt dam aa 
ss 
a 


: — 2 


Av 949 be fis na: nt waaead oils, saavttonnt of 


measured. Alternately, permeable cells may already 
produce significant levels of CLC DNA due to a 
partial loss of S factor; in that case, addition 

of exogenous S factor might reduce the level of 

CLC DNA. The Cellophane disc system (53) could 
function similarly. 

Although there is no genetic evidence for the involvement 
of S factor in replication, interest is maintained by the fact that 
when it is present in a DNA polymerizing reaction several identical 
copies of a defined, separable-stranded DNA of high molecular weight 
are made. This is a simple model for the DNA synthesis occurring during 
replication. 

Further investigations of the effect of S factor on the 
alkaline molecular weights of various polymers may give a clue to the 
mechanism of synthesis. Models similar to that proposed by Morgan (111) 
would predict that non-CLC DNA would have an alkaline molecular weight 


one-half that of CLC DNA. 
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